Abstract-A better understanding of the optical properties of random photonic structures is beneficial for many applications, such as random lasing, optical imaging and photovoltaics. Here, we investigate the light transmission properties of disordered photonic structures in which the high refractive index layers are aggregated in clusters. The size of the clusters follows a power law distribution described by an exponential parameter a. The sorted high refractive layer clusters are randomly distributed within the low refractive index layers. We study the total light transmission within the photonic band gap of the corresponding periodic crystal as a function of the exponent in the distribution. We observe that, for 0 ࣘ a ࣘ 3.5, the trend can be fitted with a sigmoidal function.
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I. INTRODUCTION

L
IGHT propagation in dielectric random media offers a variety of fascinating features in the field of diffuse optical imaging [1] , random lasing [2] - [6] and light harvesting for solar devices [7] , [8] . It is well known that light transport depends on the dimensionality of the material structure [9] . Onedimensional systems are realized by modulating the dielectric constant in a linear arrangement, as for example, in a random multilayer [3] , [10] , [11] . Whilst periodic alternation of the dielectric constant results in a one-dimensional photonic crystal [12] - [15] , modulation following a deterministic generation rule gives rise to a quasicrystal [16] - [20] .
In one-dimensional disordered photonic systems clear features related to Anderson localization have been observed [21] , [22] , as well as transport phenomena such as optical Bloch oscillations and necklace states [23] - [26] . The average light transmission of such systems exhibits oscillations which are dependent on sample length [27] . Moreover, by grouping high refractive index layers in randomly distributed one-dimensional clusters, the total transmission, in a specific spectral range can be made to oscillate as a function of the cluster size [28] . Recently, modelling the light transport in Levy glasses as a random walk, the light absorption has been related with the power law of the step-length distribution of the light free path in the medium [29] , [30] . The study shows how the power law distribution of the light free path in the medium strongly influences the degree of superdiffusivity of these optical materials. In general, the power-law heterogeneity size distribution of the refractive elements in the medium is created to yield a heavy-tailed step length distribution for the random walk of light, and is expected to lead to superdiffusion [29] , [31] . Finally, in 2013, Fernández-Marín and co-workers studied the electromagnetic wave transmission through one-dimensional photonic structures in which random layer thicknesses follow a long-tailed distribution. They found an interesting correlation between average transmission and the length of the structure [32] .
In this work, we investigated the light transmission properties of disordered photonic structures in which the high refractive index layers are aggregated in clusters. The size of the high refractive index layer clusters is sorted from a family of power law distribution functions. We studied the total light transmission, within the photonic band gap of the periodic crystal, as a function of the power law function exponent shaping the distribution. We discovered that the total light transmission trend as a function of the exponent a of the distribution can be fitted with a sigmoidal function for 0 ≤ a ≤ 3.5.
II. METHODS
One dimensional photonic structures were modelled with 360 layers of refractive index n 1 = 1.6 and a thickness d 1 = 70 nm, and 2520 layers of refractive index n 2 = 1.4 and a thickness d 2 = 80 nm. In this way, the ratio of high/low refractive index layers in the structure was 1/8. The resulting photonic crystal exhibited an optical unit cell comprised of a layer of refractive index n 1 followed 7 layers of refractive index n 2 (360 unit cells in total). Calling H the high refractive index layer and L the low refractive index one, we schematize the photonic crystal in this way:
where the subscripts indicate the number of repetitions.
A disordered photonic structure was also realized, where the high refractive index layers (n 1 ) were aggregated into clusters. The cluster size distribution was made to follow the power law function:
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See http://www.ieee.org/publications standards/publications/rights/index.html for more information. where x is the size of the cluster and a the exponent of the function. The size of the clusters spanned the finite interval of 1 to 50 layers, and as such, the distribution becomes a truncated power law function. This truncated distribution is shown in Fig. 1 as a function of the exponent a. When a = 0, the probability distribution is the uniform distribution where all clusters sizes are equally probable. Low values of a (e.g. 0.1) result in a structure where small and large clusters occur with roughly equal likelihood. On the other hand, high values of a (e.g. 2) result in a structure where clusters of more than 15 high refractive index layers are highly unlikely to occur. All the values of a are reported in Table I . The clusters of high refractive index layers were randomly distributed within the 2520 low refractive index layers. We have performed the simulation, for each exponent a, considering 1000 structures characterized by different random cluster arrangements within the low refractive index layers. In this way, any dependence of light propagation on particular cluster arrangements was avoided. A sketch of one of the 1000 cluster arrangements, for a = 1.5, is reported below:
To calculate the transmission spectra of the photonic structures, the transfer matrix method [33] for a glass/multilayer/air system (in which glass is the sample substrate, with refractive index n s = 1.46) was used. The transmission spectra were calculated as a function of the wavelength with a step of 0.1 nm.
III. RESULTS AND DISCUSSION
The transmission spectrum of a photonic crystal with 1 high refractive index layer and 7 low refractive index layer in each optical unit cell (for a total of 360 unit cells) was calculated in a spectral range around the fundamental photonic band gap. The crystal shows a photonic band gap of full width at half maximum (FWHM) between 1763 and 1822 nm (Fig. 2, blue  curve) . The high number of unit cells results in a photonic band gap with negligible light transmission in the wavelength range 1764-1821 nm.
The red curve in Fig. 2 corresponds to the transmission spectrum of the corresponding disordered structure with a power law distribution of the high refractive index layer clusters characterised by a = 0.1. In the photonic band gap region only weak transmission depths (reflection peaks) are observed. This behaviour is in agreement with the results observed in Ref. [28] , where disordered photonic structures characterized by the predominance of large clusters show a very weak transmission depths. We underline that in a disordered photonic structure characterised by the exponent a = 0.1 (blue curve in Fig. 1 ), the occurrence of large refractive index layer clusters has a significant probability.
The red curve in Fig. 3 displays the transmission spectrum of the disordered structure characterised by a = 3.5. The difference between this structure and the one with a = 0.1 is noteworthy; with the same number of high refractive index layers, the intensity of the transmission depths is much stronger.
The normalized total transmission in the photonic band gap region (the overall contribution of the transmission between 1763 and 1822 nm, with a step of 0.1 nm) follows a very clear trend as a function of a, as displayed in Fig. 4 the distribution probability is the uniform distribution where all cluster sizes are equally likely. Increasing a, small high refractive index clusters start to play a major role, and result in more intense transmission depths. Between a = 0 and a = 2.75 the total transmission decreases by more than 45%.
We observed that the trend of the normalized total transmission T nt (Fig. 5) is well described by a sigmoidal membership function of a (up to a = 3.5):
where 1 − c 1 is approximately the minimum transmission value (0.54), and c 2 and c 3 are conventional parameters of the The first derivative of the sigmoidal function -employed to fit the total transmission data -shows a monotonic decrease down to a minimum of a = 1.4, followed by a slight increase. For a > 3 the first derivative of the function tends asymptotically to zero. This corresponds to convergence to a distribution of clusters with a size equal to 1 (i.e. single layer). To corroborate this pattern we calculate the total transmission of a random sequence of 360 high refractive index layers and 2520 low refractive index layers (in such situation the probability for the high refractive index layers to form clusters is very low). We found that the normalized value average total transmission for 1000 permutations is 0.578 (standard deviation of 0.096) -very close to the total transmission values for a > 3(See also Table I ).
We performed the simulation for four different refractive index contrast (Δn) values and we fit the trends as a function of a with the sigmoidal function (parameters reported in Table II ). The simulations are reported in Fig. 6(a) . 
Such fit allows us to predict the transmission of light, of a power law distribution of clusters, as a function of the power law function coefficient a, just knowing the refractive index contrast.
The scenario for higher values of a is markedly different. As shown in Fig. 7 , the normalized total transmission stops decreasing for a > 3.5 and shows a new trend, with a relative maximum at a = 15 (for a > 8 the values of normalized total transmission are all around 0.59). We underline that the total transmission changes for a > 3.5 are comparable with their standard deviations (Table I) . For this reason, we avoid fitting such values. It is worth noting that the standard deviation of the total transmission increases with increasing a. This large variation in the transmission, may be due to the fact that larger clusters, arranged in different ways within the low refractive layer, induce larger fluctuations of the total transmission.
In Fig. 8 we show the normalized total transmission of the disordered photonic structures as a function of the power law Table I). skewness values, reported in Table I . The more asymmetric the power law function, the lower the total transmission. For skewness values larger than 13.742 (corresponding to a = 3.5) the total transmission shows a new trend similar to the behaviour shown in Fig. 7 .
We would like to stress that in the work by Bertolotti et al. the high refractive index material nanoparticles were embedded, in a 3-D material, between glass spheres with exponentially-spaced radii [29] , while in the work by Barthelemy et al. the sphere diameters followed a distribution with a heavy tail [31] . Instead, in the work of Fernández-Marín et al. studied the transmission through a 1-D structure in which the random layer thickness followed a long-tailed distribution [32] . The difference with our work is due to the fact that here the high refractive index materials are aggregated in clusters, and the distribution of these clusters follow a power law. For this reason, while the total length of the structure and the high/low refractive index layer ratio are the same for all the realizations, the coefficient a of the distribution is dramatically changing the normalized total transmission of the light.
IV. CONCLUSION
In this study we investigated the light transmission properties of disordered photonic structures. In such structures, the high refractive index layers are aggregated in clusters, and the size of the clusters is governed by a power law distribution. The clusters are randomly distributed with the low refractive index layers. We have studied the total light transmission, within the photonic band gap of the corresponding periodic crystal, as a function of the exponent a in the distribution. We observed that the trend of the average total transmission, as a function of a, can be fitted, for 0 ࣘ a ࣘ 3.5, with a sigmoidal function. The sigmoidal fit allows us to predict the transmission of light, of a power law distribution of clusters, as a function of the power law function coefficient a, knowing the refractive index contrast Δn and the average transmission of the corresponding random sequence. These results could be interesting for sample with a certain length containing two different materials, e.g. colloidal nanoparticles in a solvent, in which the nanoparticles aggregate with a distribution following a power law. A further investigation can be pursued on two-dimensional and threedimensional disordered photonic crystals, in order to verify the possibility to observe a trend in the light transmission when the high refractive index materials are clusterized following a power law.
